A number of drugs used in the pharmacotherapy of cerebral meta bolic and vascular disease have been studied for their effects on the respiration of mitochondria isolated from the rat brain. Some of these agents increased the respiratory control ratio by more than 5% from base-line values (at p < 0.05), namely, aminophylline, dihydroergotoxine, ifenprodil, nicergoline, raubasine, and vincamine. The ability of these agents to increase the efficiency of mito chondrial respiration could be correlated with two other attributes peculiar to these five drugs: their ability to contract cerebrovascular smooth muscle when studied in vitro and their ability to decrease the volume of infarcted brain tissue following experimental occlusion of the middle cerebral artery in the cat.
Papaverine and its derivatives (naftidrofuryl, viquidil, YC-93) decreased respi ratory control, an effect that might correlate with their capacity to effect a vasodilatation of the cerebral vessels and their inefficacy in models of acute cerebral infarction. There is a considerable body of evidence suggesting that one of the earliest and most fundamental perturbations of cerebral ischaemia is a loss of respiratory control. Ifenprodil, vincamine, and some related "anti ischaemic" compounds are capable of increasing respiratory control in normal cerebral mitochondria, and this capacity might well help to explain their therapeutic potential in cerebrovascular disorders in which energy supply to the brain is limited. Key Words: Cerebral mitochondria-Respiration-In vitro effects-Drug modification.
The crucial role played by the mitochondrion in the maintenance of cellular energy metabolism has been long recognized. In ischaemia, there is close correlation between mitochondrial dysfunction and the irreversible pathological damage to tissue structure, as shown in a number of organs; many of these studies have been more detailed than those done on brain. In liver, ischaemia is associated with the following sequence of events: a complete loss of respiratory control; decrease in the activity of both adenine nucleotide transferase and of cytochromes a + a3 and c + c1; and eventually the primary ul trastructural signs of cell hypoxia-disappearance of the convulations of the mitochondrial inner membrane and the appearance of amorphous dense bodies in the matrix (Mittnacht et aI., 1979) . The activity of liver ATPase decreases progressively after experimental ischaemic insult and, more in terestingly, the ability of 2,4-dinitrophenol to stim ulate mitochondrial ATPase is lost prior to the basal decrease in the function of ATPase (Mergner et aI., 1979) . The mitochondrial dysfunction that is in duced by ischaemia in the liver is reversed to a con siderable extent by chlorpromazine (Mittnacht et aI., 1979) .
Ischaemia has been shown to be accompanied by drastic changes in cerebral metabolism (Nordstrom et aI., 1976; Nordstrom et aI., 1978a,b) ; most of these changes can be linked directly to mitochon drial dysfunction. Histopathological investigations have demonstrated that mitochondrial alterations are the first sign of structural damage in anoxia ischaemia of the brain (McGee-Russell et aI., 1970; Brown and Brierley, 1971; Kalimo et aI., 1979) . It has recently been shown that brain ischaemia in duces profound biochemical changes in the mito chondrial energy-producing mechanisms (Rehn crona et aI., 1979) . At present, the understanding of the mode of action of drugs claimed to be benefi cial in cerebrovascular disorders is still fragmen tary, and the present study was undertaken in order to discover whether these drugs have a direct effect on mitochondrial processes.
MATERIALS AND METHODS

Methods
All experiments were performed on male Sprague-Dawley rats (Charles River, France) weighing 180-200 g. The rats had free access to food and water. Brain mitochondria were isolated following a technique described previously (Holtzman et al., 1978) . All mitochondrial isolation steps were carried out at 3-5°C. After decapitation, the calvarium was opened, and the brain was put immediately into 10 ml of ice-cold isolation medium [225 ruM mannitol; 75 ruM sucrose; 0.2 ruM EDTA; 5 ruM Tris-HCI, pH 7.4; 100 fLg of bovine serum albumin (BSA)] and partially homogenized with three up-and-down strokes in a glass homogenizer. The time interval between the decapitation of the rat and the first homogenization was in no case longer than 20 s. The brain was further homogenized with three strokes in a potter fitted with a Teflon pestle. The homogenate was centrifuged for 2 min at 1,085 x g. The resulting supernatant was then centrifuged at 17,000 x g for 5 min. The pellet was resuspended in 4 ml of isolation medium (without BSA) by stirring gently with a glass rod, and the suspension was centrifuged at 17,000 x g for 5 min. The resulting pellet was resuspended in 1 ml of iso lation medium (without BSA). The final protein concentration was 20-25 mglml. Oxygen consump tion was studied at 25°C with 1.0-1.5 mg of brain mitochondria using a Gilson oxygraph with a 1.4-ml closed cell and a Clark electrode. NAD-linked respi- 1982 ration was measured by oxidation of the substrate pair: pyruvate and malate 0.0 and 2.5 ruM, respec tively). The composition of the medium was as follows: 225 mM mannitol; 10 mM Tris-P04, pH 7.4; 5 mM Tris-HCI, pH 7.4; 5 mM KCI; 0.2 mM EDTA; and 75 mM sucrose. For oxygen consumption measure ments, the substrate was added first, then the drug under study, and finally the brain mitochondria. One minute later, ADP was added. Respiratory rates were determined in the presence of a limit ing quantity of ADP (500 nmol), defined as state 3 respiration, and after consumption of the added ADP, defined as state 4 respiration. The respiratory control ratio (RCR) is the ratio of state 3 to state 4 respiratory rates (Chance and Williams, 1956) . Having done an initial control experiment, the drug under study was added at three different concentra tions, each of them being tested in separate ex periments. This sequence of four experiments was repeated at least four times, the duration of the whole experiment being approximately 3 h. During that time control values decreased by about 10% when compared to the first determinations. Statistical analyses were performed using the Student's t-test for independent samples.
Materials
The following drugs were extracted or synthe sized by the chemistry department of LERS by Dr. N. Tien-Duc according to the published informa tion: ifenprodil tartrate, nicergoline tartrate, pen toxifylline, raubasine hydrochloride, vincamine mesylate, viquidil hydrochloride, and YC-93 hydro chloride.
Dihydroergotoxine mesylate (Hydergine®, San doz), is a mixture of the bases dihydro-ergocornine, dihydro-ergocristine, dihydro-a-ergocryptine, and dihydro-f3-ergocryptine (3:3:2: 1, respectively). The vehicle of this mixture of ergot alkaloids (a solution containing 5% ethanol and 15% glycerol) had no effect on mitochondrial respiration when adminis tered at the highest concentration of dihydroer gotoxine studied (10-5 M).
The remaining drugs were purchased directly from the manufacturer: adenosine-5f-diphosphate (ADP), Sigma; aminophylline «theophyllineh' ethyl enediamine, Sigma); BSA (Sigma); EDTA (Titriplex III; Merck); L-hydroxysuccinic acid (L-malic acid monosodium salt, Sigma); 5-hydroxytryptamine cre atine sulphate (Sigma); 5-hydroxY-L-tryptophan (Sigma); mannite [D-mannitol], (Sigma); papaverine hydrochloride (Merck); potassium chloride (Merck); pyruvic acid monosodium salt (Boehringer); saccha rose (Merck); theophylline (Sigma); and Tris (hy droxymethyl) aminomethane (Trizma® base, Sigma). Concentrations are expressed in terms of molarities of the base and represent the concentration of drug present in the measuring cell. The final molarities of aminophylline are approximate values.
RESULTS
The mean (± SEM) RCR value was 5.74 ± 0.07 (50 experiments); this value indicates that the mito chondria were in reasonably good condition. Whenever the initial RCR value for freshly prepared brain mitochondria was lower than 5.00 or the drop in control values higher than 10%, the experiment was discarded.
The respiratory rates obtained during the study of the effects of three concentrations of raubasine and three concentrations of YC-93 are given in Table 1 . As the specific activities may vary from one mito chondrial preparation to another, and since the RCRs may also differ, we have expressed the re sults as the percent change in RCR (see Discus sion). Table 1 indicates that state 4 respiratory rates are decreased with 10-7 and 10-6 M YC-93 but that the RCR remains almost constant. With 10-5 M YC-93, state 3 respiratory rates decrease and state 4 rates increase. The decrease in RCR might thus be considered the consequence of an uncoupling prop erty of high concentrations of YC-93. Raubasine in creases the RCR at 10-6 and 10-5 M mainly through a decrease in state 4 respiration. With both com pounds the decrease in control respiration rates during the time for completion of the experiment was limited. The values were almost constant for the experiments with raubasine, and with the YC-93, the decrease was approximately 7%.
As shown in Fig. 1 some of the drugs used in the pharmacotherapy of cerebrovascular disorders ap peared to possess a direct effect on mitochondrial respiration. Among those agents that have been shown to increase RCR significantly, vincamine seems to be the most active. It is noteworthy that raubasine (Fig. 2) was the only compound that did not show a biphasic response curve. Ifenprodil dis played a bimodal response curve, one peak corre sponding to the maximum vincamine dose, the other occurring at a lower drug concentration. It appears that these effects can be ascribed mainly to a decrease in state 4 respiration, i.e., the state of inefficient oxygen consumption.
Viquidil did not change mitochondrial respiration (Fig. 3) , but structurally related papaverine lead to a decrease in RCR even at very low concentrations (Fig. 4) . The decrease in RCR values must not be considered to result from uncoupling effects but from an inhibition of electron transfer, the decrease reflecting a differential effect on the two states of respiration. In contrast, the naftidrofuryl-induced decrease in RCR (Fig. 3) is due to an uncoupling effect, since state 4 respiration increases and state 3 respiration decreases. Finally, we were unable to induce any marked changes in mitochondrial respiration with pen toxifyUine, whereas the other methylxanthine tested, aminophylline, did cause an increase in RCR values, although only at very high concentrations (Fig. 5 ). The specificity of the changes are evidenced by the fact that 5-hydroxytryptamine increased the RCR, whereas 5-hydroxytryptophan did not (Fig. 5 ).
DISCUSSION
Criticisms of the Method
Our experiments demonstrate that some of the drugs used in the treatment of cerebrovascular dis orders modify the respiratory properties of mito chondria isolated from normal rat brain. The changes in the functional activity of the mitochon dria were assessed through modifications of the RCR. It might have been more meaningful to have expressed the results as respiratory rates. How- ever, the isolation procedure used resulted in mito chondria that were contaminated with myelin, nerve endings, and synaptic vesicles (Moore and J6bsis, 1970). As the total amount of protein may vary from one preparation to the other, the specific activities may thus vary in the same way. In con tradistinction, the RCR-being the ratio of two re spiratory rates-is independent of the amount of protein. Moreover, the Ficoll density-gradient cen trifugation, though it clearly increases the specific activities of both respiratory rates, does not greatly increase the RCR values, at least in our hands. Even for highly purified mitochondria (Clark and Nicklas, 1970) , the resting RCR may vary so much that small, drug-induced changes would be obscured. For these reasons we considered it expe dient to work with relatively impure preparations. Furthermore, we have expressed our results as per- cent changes in RCR, thus allowing comparisons in between experiments.
Tentative Analysis of Drug-Induced Changes
The drug-induced rise in RCRs is achieved mainly through a decreased state 4 respiratory rate. Such a phenomenon has previously been described follow ing in vitro addition of very low concentrations of Mg2+ ions (Moore and Jobsis, 1970) . Similarly, an increase in RCR values is obtained following in vitro addition of BSA (Table 2 ). There is now evidence that the RCR values can increase over correspond ing control values under in vivo hypoxic conditions: hepatic hypoxia in murine peritonitis (Fry et al., 1979) and arterial hypoxia under either acute or chronic situations (Park et al., 1973; Mela et al., 1976) i.-P. NOWICKI ET AL. induce an increase in state 3 respiratory rates, to gether with an increase in RCR values and a de crease in state 4 respiratory rates of cardiac or hepatic mitochondria. Similar modifications in the efficiency of the mitochondrial respiration have been found in hepatic mitochondria following in vivo treatment by glucagon (Yamazaki et aI., 1980) and in mitochondria isolated from perfused liver treated by glucagon (Taylor et aI., 1980) or prepared from isolated hepatocytes incubated with the same hormone (Siess and Wieland, 1980) . According to these studies, the increase in RCR was always ac companied by an increase in the state 3 respiratory rate, an effect that we have been unable to find in our experiments after in vitro addition of drugs. The fact that an increase in state 3 respiratory rate is obtained even in isolated cells (Siess and Wieland, 1980) may imply that the presence of a metabolic factor is required to induce this change, such a met abolic factor being absent in our mitochondrial preparations. However, to our knowledge the ef fects of glucagon on isolated hepatic mitochondria have not been investigated. On the basis of in vivo treatment, others (Yamazaki et aI., 1980) have in terpreted the decrease in state 4 respiratory rate as due to a decrease in the calcium cycling rate, which should lead to an increase in the efficiency of mito chrondrial energy transduction. Generally, the in creases in RCR values demonstrated following in vivo experiments are larger than those we have ob tained in vitro. It has been shown that rat brain mitochondria can be separated into at least three distinct populations (Lai et aI., 1977) . The moderate changes that we have obtained might then be ex plained by the fact that only one population is re sponsive to added drug, for example "free," i.e. nonsynaptic, mitochondria. The presence of signifi cant contamination in our preparation with a number of mitochondria entrapped into synaptosomes might thus have been a limiting factor with regard to the size of the response following the addition of drugs. Nonetheless, it is clear that further work needs be done in order to elucidate the mechanisms involved in the drug-induced increase in RCR such as observed in the present investigation.
Extrapolation of in vitro Changes to in vivo Situations
It is now generally accepted that high rates of phosphorylation (state 3) in vivo are encountered only when neuronal activity is greatly increased; otherwise, the respiratory rate of the mitochondria would be much closer to state 4 (Jobsis et aI., 197 1, 1972; Rosenthal and Jobsis, 1971) . Our experiments may indicate that the increase in RCR induced in vitro by ifenprodil, vincamine, and some related anti-ischaemic drugs as a result of the decrease in the resting rate (state 4) could be relevant to in vivo situations, at least to some degree. Since ischaemia has been shown to be accompanied by a loss of respiratory control, the effects displayed by vin carnine, ifenprodil, and the related drugs may well help to explain some of their properties in the ther apy of cerebrovascular disorders.
Extrapolation of the present in vitro investiga tions to the ischaemic situation in vivo is most dif- 
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ficult. Nonetheless, we have performed one series of experiments that may be indicative of a possible relationship between drug-induced RCR changes in vitro and pharmacological effects in experimental models of brain ischaemia. Ifenprodil was adminis tered to gerbils sUbjected to cerebral ischaemia in duced by a unilateral carotid ligation for 3 h. Under these conditions, ifenprodil appears to be beneficial to the preservation of mitochondrial function (Table  3) . Although much additional work is required to determine the nature of the changes in brain mito chondrial function, our experiments introduce the possibility that the changes that we have described might be of importance in preserving mitochondrial function during brain ischaemia. The drug was administered every hour, i.p., at the indicated dose. The results are given as means ± SE . Number of animals is indicated in parentheses. Sig nificance of differences for the comparisons indicated is also shown (ns, not significant) .
